[1] At various altitudes in the plasmasphere, sounder pulses from the Radio Plasma Imager (RPI) instrument on the IMAGE satellite can couple strongly to protons, a process revealed in echo time delay versus frequency forms that arrive at multiples of the local proton cyclotron period t p . Lower-altitude (<4000 km) versions of two of these proton cyclotron (PC) forms were previously observed in the topside ionosphere. A new resonance, apparently confined to altitudes above %7000 km, was observed at a frequency %15% above the electron cyclotron frequency f ce . We believe that PC echoes and the new resonance are driven by a variety of mechanisms, but only exceptionally strong echoes in the whistler-mode domain are discussed in detail. Those echoes indicate that peak excitation of the protons occurs as a transient event at the beginning of each rf pulse. We infer that there is spatial bunching of accelerated protons during the initial formation of an electron sheath around the positive-voltage antenna element. The gyrating protons then produce a series of electrostatic pulses at multiples of t p . The most efficient proton excitation is expected to occur at frequencies near and below the proton plasma frequency f pp . In contrast to these echoes, the discrete PC echoes above f ce and near f Z show evidence of thermal-mode wave propagation at the rf frequency of the sounder pulses, while the new resonance above f ce suggests the existence of a ringing phenomenon in the plasma that is unique to altitudes above %7000 km.
1. Introduction
Sounder-Stimulated Proton Cyclotron Echo Phenomena
[2] It is well known that data records of radio sounders operating in space include not only echo traces associated with propagation along ray paths extending to distant reflection points [e.g., Hagg et al., 1969; Reinisch et al., 2001] but also evidence of interactions between sounder pulses and plasmas in the immediate vicinity of the spacecraft [e.g., Calvert and McAfee, 1969; Benson, 1977; Muldrew, 2006] . These local interactions represent a challenge to understanding the behavior of electric antennas in space plasmas and to the planning of future wave injection missions.
[3] One local reaction to sounder pulses, of special interest in this paper, involves echoes whose arrival times correspond closely to multiples of the proton cyclotron period t p at the location of the satellite. On the ionograms of the ISIS-series sounders, operating at altitudes less than 4000 km, such proton cyclotron (PC) echoes appeared in two principal forms: (1) discrete echoes at frequencies just above the electron cyclotron frequency f ce , with delays close to t p [e.g., Horita, 1987; Oya, 1978] , and (2) spurs, variously shaped broadenings along resonance spikes located at the plasma frequency f pe or at multiples of f ce , and occasionally at the upper hybrid frequency f uh [e.g., King and Preece, 1967; Benson, 1975; Horita, 1987] . The time delays to the spurs agreed closely with t p and multiples thereof. Various physical mechanisms for these effects have been proposed, including a process [Muldrew, 1998 ] by which protons passing near an antenna retain memory of a pulse and return that pulse to the satellite as an ''echo'' one cyclotron period later.
[4] As might be expected, echoes with arrival times corresponding to nt p appear in the records of the Radio Plasma Imager (RPI) on the IMAGE satellite, the first highpowered sounder to operate close to and also well above the altitudes of the Alouette/ISIS series [e.g., Reinisch et al., 2001] . IMAGE was launched in March 2000 into a polar orbit with apogee nominally at %8 R E geocentric distance and perigee at %1200 km altitude [e.g., Burch, 2000; Burch et al., 2001] . RPI not only stimulates versions of PC echo forms previously detected at ionospheric heights but also produces strong PC echoes near 10 kHz in the whistler-mode domain that are often followed at multiples of t p by additional echoes. At altitudes above %7000 km, RPI stimulates a new resonance centered at a frequency %15% above f ce .
[5] The richness of the PC echo forms reported here follows in part from the fact that RPI was able to operate in parts of the plasmasphere where f ce is as low as %10 kHz. In contrast, the ISIS series sounders [Franklin and Maclean, 1969] were restricted to regions where f ce exceeds %200 kHz. The topside sounders were not designed to record whistlermode domain signals below %100 kHz, while the lowfrequency limit of RPI sounding was regularly in the range 5 to 20 kHz. ISIS sounder pulse lengths were of order 100 ms, thus providing time delay resolution a factor of %30 better than that available to RPI with its 3.2-ms minimum pulse length [Reinisch et al., 2000] . However, by recording echo travel times that regularly extended to %180 ms and occasionally to %300 ms, RPI could observe echo delays (including high-order multiples of short initial delays) a factor of up to 30 times longer than those available to (or expected from) ISIS. On the ISIS satellites, the effective bandwidth for detection was typically %60 kHz, which was satisfactory for observing echoes extending over hundreds of kilohertz in frequency at nearly constant time delay. In the case of RPI, the nominal 3-dB bandwidth was %300 Hz, which was ideal for operations below 100 kHz and for the identification of echoes or resonances that are confined to frequency bands only several kHz wide. This paper offers a description of three distinct classes of PC echoes detected by RPI and also the new resonance detected above f ce . We discuss in some detail factors such as the antenna sheath that we believe to be important for PC echo generation near 10 kHz in the whistlermode domain.
RPI Instrument
[6] RPI is a multimode instrument [Reinisch et al., 2000] in which sounding and listening frequencies, range detection, pulse characteristics, and repetition rate are adjustable parameters over a wide range of values. The instrument covers the frequency range from 3 kHz to 3 MHz with a receiver bandwidth of 300 Hz. Originally there were three orthogonal thin-wire antennas, two 500-m tip-to-tip dipoles in the spin plane (X and Y) and a 20-m tip-to-tip dipole along the spin axis (Z). The long dipoles were used for transmission, and all three antennas were used for reception. The nominal radiated power from RPI, varying (in terms of free space mode excitation) from 0.1 mW at low frequencies to %10 W per dipole at 200 kHz and above, was reduced by 3 dB on 8 May 2000 when the power supply for the Y-axis transmitter failed. A further reduction occurred on 3 October 2000, when one of the X-axis monopoles was partially severed, apparently by a micrometeorite. On 18 September 2001 an unknown (presumably small and negligible) section of the Y antenna was lost, and beginning on 30 September 2004, the sensitivity of the Y-antenna data was substantially reduced by damage to the +Y element. In spite of these difficulties, the X antenna continued to perform well as a transmitting and receiving element, as did the Z antenna as a receiving element. Unless otherwise indicated, our report is based upon data from the X antenna. IMAGE data acquisition was interrupted on 18 December 2005, due to an apparent failure in the power distribution unit.
Time Delay Versus Frequency Forms of PC Echoes and the New Resonance
[7] The PC echoes and the new resonance reported here have been observed primarily within the plasmasphere or the plasmasphere boundary layer (PBL) (i.e., plasmapause region [Carpenter and Lemaire, 2004] ) at altitudes ranging from near perigee at %1500 km to %20,000 km. Most of the events appear as responses to single 3.2-ms sounder pulses at frequencies that are stepped upward from a starting value in the whistler-mode domain. Figure 1 is a dispersion diagram for propagation in a cold plasma. The axes have been interchanged so as to display wave number k versus frequency f in a manner similar to that in which time delay (or range) is displayed versus frequency on RPI ''plasmagrams.'' The illustrated relations among wave propagation domains are representative of those extensive portions of the plasmasphere within which the ratio of plasma frequency to cyclotron frequency f pe /f ce exceeds unity (for the case illustrated, f pe /f ce = 2 was used). A horizontal arrow indicates the range of frequencies of primary interest in our study.
[8] The whistler-mode domain, with upper limit at the electron cyclotron frequency f ce , is followed at higher frequencies by a band of no electromagnetic propagation that extends to:
Figure 1. Dispersion diagram for propagation in a cold plasma, with axes reversed so as to display frequency from left to right as it appears on sounder plasmagrams. A ratio of plasma frequency to electron cyclotron frequency f pe /f ce = 2 was assumed. A horizontal arrow indicates the frequency domains of primary interest in our study. Original diagram adapted from Goertz and Strangeway [1995] .
the lower limit of the left-hand polarized, supraluminous (phase velocity >c), branch of the Z mode (corresponding to region 4 on a CMA diagram). This stop band exists when the ratio of electron plasma frequency to electron cyclotron frequency f pe /f ce exceeds ffiffi ffi 2 p .
[9] The various echo forms of interest are illustrated in Figures 2, 3 , and 4 on RPI records that display echo delay in ms (for the X antenna) versus sounder frequency in kHz, color-coded according to intensity in dBnV/m. The forms illustrated are (1) f ce + echoes, discrete PC forms that appear at frequencies %10 -25% above f ce ; (2) f ce + resonances, spike-like features that appear at frequencies %15% above f ce ; (3) WM echoes, discrete PC forms that appear in the whistler-mode domain below %50 kHz; (4) Z echoes, discrete PC forms that usually appear at frequencies above %200 kHz within and near the Z-mode propagation domain.
[10] Figure 2 shows an f ce + echo on a record of time delay from %40 to 100 ms versus frequency from 20 to 50 kHz. IMAGE was at L % 3.7, well inside an extended plasmasphere at an altitude of %14,000 km and in the midafternoon sector. The local electron density was %560 el-cm
À3
. The sounding format involved single 3.2-ms pulses transmitted at 250-ms intervals as frequency was increased in steps of 300 Hz from 6 kHz to 63 kHz (single pulses at each frequency were used in all the cases reported here).
[11] On Figure 2 the local value of f ce is well defined at %30.3 kHz by a resonance spike, a type of response that is regularly present on sounder records from the topside ionosphere [e.g., Benson, 1977, and references therein] . A band of whistler-mode noise extends upward in frequency to a relatively sharp cutoff at %26 kHz. This band is attributed to multipath propagation and scattering of a variety of whistler-mode signals, including naturally occurring wave emissions, whistler-mode emissions triggered by lightning, and multiple whistler-mode signals from groundbased transmitters. The quiet band just below f ce is essentially an effect of accessibility, a narrow band of whistlermode frequencies within which bending of rays from distant sources becomes locally strong. The effect is similar in nature to that of an exterior caustic surface, as illustrated in satellite observations of ground transmitters by Sonwalkar et al. [1994] .
[12] In Figure 2 , the f ce + echo first appears at %33.3 kHz, %3 kHz above f ce in frequency, and extends to 39 kHz. It exhibits a time delay versus frequency form something like that of a hockey stick, at first falling steeply in delay with increasing frequency and then curving to reach a constant delay of %61 ms. As indicated below, that delay corresponds closely to the local proton cyclotron period t p = 1836/f ce .
[13] The plasmagram in Figure 3 represents a similar program, but in this case the entire plasmagram is displayed, time delay from 0 to 178 ms versus frequency from 6 to 63 kHz. Wave activity at the RPI antennas was sampled at intervals of 3.2 ms, but the measurements at t = 3.2 ms, 6.4 ms, and 9.6 ms were not displayed so as to account for the 3.2-ms-long transmitter pulse and to allow additional time for the receiver to recover from the high voltage generated during the pulse. After February 2005, only the first data bin was omitted, and plasmagram displays of measured activity began at t = 6.4 ms instead of 12.8 ms.
[14] At the time of Figure 3 , IMAGE was at L %3.6 and at an altitude of %12,000 km, again well inside the plasmasphere. Three echo forms appear, a WM echo, f ce + echoes, and an f ce + resonance. The WM echo, extending from %9 to 17 kHz at a constant delay of %45 ms, appears as a discrete intensity enhancement within the usual whistler-mode noise background. The value of f ce is well marked by a tapered resonance spike at %42 kHz. Approximately 3 kHz above f ce + is an ''f ce + resonance,'' a new phenomenon that does not appear to have a counterpart in topside sounder data. The resonance differs from the spike at f ce in that it extends to the top of the record and (in this case) is not clearly defined in the first %30 ms after the beginning of the transmitter pulse. Along the high-frequency side of the f ce + resonance are f ce + echoes that arrived at equal intervals, the first at %44.5 ms, the second at %89 ms, and the third at %133 ms. There are differences in amplitude among the echo forms illustrated in Figure 3 : portions of the WM echo near 10 kHz are %10 -15 dB stronger than the f ce + resonance or f ce + echoes.
[15] The plasmagram of Figure 4 is from a sounding program in which single 3.2-ms pulses were transmitted as frequency was stepped in 1200-Hz increments from 20 kHz to 326 kHz. This entire range is displayed, but the timescale is here limited to 0 to %85 ms. IMAGE was at L %2.9 and at an altitude of %11,500 km, well inside an extended afternoon plasmasphere. A weak f ce resonance spike appears at %78 kHz, while 2f ce and 3f ce resonances are clearly defined. These differences in intensity and duration are similar to relations found among nf ce resonances in topside sounder data [e.g., Benson, 1977] .
[16] Figure 4 provides a view of PC effects occurring essentially simultaneously within three of the frequency domains indicated by the horizontal arrow in Figure 1 . Between 20 and %35 kHz, at a delay of %23 ms, are portions of a WM echo. An f ce + echo appears at %85 kHz, with a lowest delay that is also %23 ms. A second f ce + echo appears at delays that are twice those of the first. Then at the far right is a discrete Z echo that extends from 280 kHz to the upper frequency limit of the record, again at a delay of %23 ms (within the uncertainty imposed by the 3.2-ms interval between range bins). Further examination of this and other records showed that the value of f Z was %304 kHz. Thus we conclude that the discrete Z echo extended in frequency from a point well inside the band of no electromagnetic propagation into the left-hand polarized X propagation domain.
[17] The WM echoes were again stronger than the f ce + echoes (here by %20 dB). The Z echoes increased in intensity with frequency, such that near 315 kHz within the L-X domain they saturated the receiver.
Previous Work on PC Echo Mechanisms
[18] Each of the discrete PC echo phenomena described above appears to originate in a particular proton ''memory'' process excited in the vicinity of the IMAGE satellite. However, it is not clear to us what various physical processes are required to store the rf pulse information and then couple it back from the proton distribution to the satellite. A number of efforts have been made to explain PC echo effects observed on the ISIS series satellites, prominent examples being those of Benson [1975] , Oya [1978] , and Muldrew [1998] .
[19] Benson [1975] focused attention on proton cyclotron harmonic spurs detected on ISIS series resonance spikes, suggesting that those that were most intense and widely extended in time delay and frequency were the result of strong coupling of sounder pulses to the plasma at resonances such as the one at f pe when it overlaps a multiple of f ce . When f Z is close to but below nf ce , extra energy can be fed into longitudinal plasma waves associated with the nf ce resonances due to wave mode coupling between an excited Z-mode wave and the longitudinal plasma waves. This coupling is possible because the dispersion curves for the two waves directly connect under these conditions. An anisotropy of the electron velocity distribution, such that T ? > T k , is stimulated by the cyclotron damping of the plasma waves. The resulting instability, called the Harris instability, can then give rise to excited ion motions that couple to the electron motions associated with the resonance.
[20] Oya [1978] focused upon discrete PC echoes just above f ce , such as those detected on Alouette 2. As summarized by Muldrew [1998] , Oya proposed a multielement process in which protons in the plasma sheath surrounding the antenna are bunched by a sounder pulse and given a specific velocity parallel to the magnetic field B o that depends upon the spacecraft velocity V S . The protons come together one or more cyclotron periods later to produce a pseudo-wave. As a result of the pulse, the sounder excites electrostatic electron cyclotron harmonic waves. These waves are Landau damped, giving rise to an energetic electron stream. The interaction of this stream with the pseudo-waves created by the protons leads to a wave that propagates to, and can be detected by, the sounder.
[21] Muldrew [1998, 2000] discussed the discrete PC echoes just above f ce observed on the ISIS series, proposing that they occur as a result of a memory process involving the protons passing near the satellite antenna. The protons are perturbed in such a way that one cyclotron period later they can coherently replicate the rf pulse that has been imposed. An electron Bernstein-mode wave is generated in the heated plasma, propagating in a direction orthogonal to the magnetic field lines along which the perturbed protons are distributed. The wave will then reach the satellite antenna with an overall delay that combines the proton gyroperiod with the additional group delay associated with Bernstein wave propagation.
[22] On the ISIS satellites, the time delays of discrete PC echoes could be measured to an accuracy of a fraction of a millisecond. Because of this and the availability of constant as well as swept-frequency sounding, it was possible in one case for Muldrew [1998 Muldrew [ , 2000 to study small, few-percent temporal variations in the echo delays and to interpret these as evidence of a propagation delay from a source region of excited protons to a moving antenna. Since Bernstein wave velocity is electron-temperature dependent, Muldrew was able to use the observed delay information as a diagnostic of local electron temperature. He also performed calculations of Bernstein wave group velocity based upon programming by Muldrew and Estabrooks [1972] of the dispersion equations of Lewis and Keller [1962] , finding that he could explain an observed increase in Bernstein wave group delay with decreasing frequency as f ce is approached from above. That additional delay was noted in the ISIS series data [e.g., Horita, 1987; Muldrew, 1998 ], where it was detectable at various levels up to %10%, while on RPI, as illustrated in Figure 2 , the effect can be 20% or more. The following sections describe various properties of f ce + echoes, f ce + resonances, WM echoes, and Z echoes. Figure 4 ). Fortunately, a program with 300-Hz frequency resolution and coverage of the range 6 to 63 kHz was operated at plasmasphere altitudes during an %8-day period in August 2004. In that period, f ce + echoes were recognizable on 50 of the 114 individual soundings that stepped through the local value of f ce . Figure 5 shows meridional locations along IMAGE orbits where the more clearly defined of these echoes were received. In each case IMAGE was inbound, passing through the near-equatorial plasmasphere and downward through the northern plasmasphere lobe.
PC Echo Properties
[24] Although, as noted, f ce + echoes tended to be weak in comparison to events in the whistler-mode domain, their recognition was facilitated by the fact that the background noise level in the band of no electromagnetic propagation above f ce (see Figure 1 ) was usually 20 -30 dB below typical noise levels in the whistler-mode domain. The ratio f pe /f ce was typically >2, so that the quiet band extended more than 100 kHz above f ce .
[25] To illustrate the tracking of the echoes with f ce , Figures 6a through 6e show five successive plasmagrams from the afternoon plasmasphere as altitude decreased from %18,900 km to %12,900 km. The locations of the five soundings are marked by filled circles in Figure 5 . The full 0-to-178 ms time delay range of each plasmagram is shown.
[26] In Figure 6a f ce is 13.5 kHz and a steeply downward slanting echo with delay between %145 ms and 165 ms appears in a narrow frequency range at %16 kHz. Then in Figure 6b f ce appears at %16.5 kHz and the f ce + echo has shifted accordingly to a narrow frequency range around 19. [27] Examples of f ce + resonance effects appear sporadically in Figure 6 , being weakly defined in Figures 6b and 6e and well defined in Figure 6c , where the f ce + echoes appear on the high-frequency side of the resonance spike.
[28] The tracking of f ce + echoes with f ce is demonstrated in Figure 7 by a plot of the ratio of the f ce + echo frequency to f ce for the more clearly defined events from the 14 -22 August 2004 period of interest. The measurements of the f ce + echo frequency were made at the midfrequency of the echo. The ratio remained between %1.1 and 1.25 over much of the f ce + range.
[29] Figures 6a -6e illustrate additional features of f ce + echoes, namely higher-order echoes that arrive at integral multiples of the first echo delays. A second echo is visible in Figures 6c, 6d , and 6e, while a third echo appears in Figure 6e . Such echo multiples were reported from ISIS series data by, for example, Oya [1978] and Horita [1987] .
[30] As could be expected from the ISIS-series work, f ce + delays were found to be closely related to the proton cyclotron frequency f cp at the position of the satellite, where Figure 8 shows such a relation for the 14-22 August 2004 data, displaying t min , the shortest detectable delay in a given f ce + echo, versus f cp . The solid curve represents the simple inverse relation between the local proton cyclotron period t p and f cp . It is clear that t min follows closely the variation of t p with satellite position. 2.1.1. Amplitude Decrements Between First, Second, and Third-Hop f ce + Echoes [31] In six cases of f ce + echoes we measured the change in amplitude from the echo at delay t p to the one at 2t p , and in two cases the additional decrement to the echo at 3t p . The decrement from the first-hop echo to the second-hop ranged from %3 dB to 12 dB, being 3.2 dB in the case of Figure 3 and 5.1 dB, 5.8 dB, and 7 dB in Figures 6c, 6d, and 6e, respectively. The decrements from the second-hop to the third-hop echo were roughly the same as from the first hop to the second, namely 3.5 dB in the case of Figure 3 found, illustrated in Figure 9a , in which echoes at roughly constant delay appear just above an f ce spike at 24 kHz and also just below it in the whistler-mode domain.
[33] A similar variety of forms was reported from ISIS series work by Horita [1987] , who found that while most discrete echoes were confined to a range of frequencies above f ce and often exhibited curvature toward longer delays near f ce , some remained at constant delay as they appeared both above and below the broad (%50-kHz-wide) f ce spike. A similar event was reported by Muldrew [1998] , in which a discrete echo at %t p appeared both above and below a 330-kHz cyclotron resonance spike and was particularly well defined during a fixed-frequency measurement at 250 kHz. The properties of such discrete echoes at f ce /2 < f < f ce in the whistler-mode domain appear to differ from the WM echoes noted above (and discussed more fully below) which were found at f < f ce /2, often at f ( f ce /2.
[34] In 2005 a renewed effort was made with RPI to sound with 300-Hz frequency resolution in the 6 -63 kHz range. When f ce + echoes were observed, they exhibited forms generally similar to those found in the 2004 eight-day period. However, in many cases only the constant time delay (hockey stick blade) part of the echo appeared, beginning above f ce (often well above f ce ) and extending to values of f/f ce larger than were typical of the 2004 data. Figure 9b shows an example from 11 November 2005 in which f ce was 24.3 kHz, close to the value in Figure 9a , but the echo was confined to a range above %32 kHz, at values of f/f ce between 1.36 and 1.44. long time delay that was offset from f ce + . The ''offset'' may be estimated as the frequency difference between f ce and an asymptotic lower-frequency bound f o found from fitting a curve of form
to the data points, where t i is time delay or range at frequency f i , f o , A, and n are parameters to be evaluated, and C is an asymptotic lower bound to the delay which can be estimated as t p . In the event of Figures 2 and 6d, f o was found to be 31.7 kHz. Curve fitting was applied to nine of the better defined events from the August 2004 period, yielding estimates for f o /f ce ranging from 1.06 to 1.20, with an average of 1.13. We also scaled six events from the November-December 2005 period, obtaining estimates for f o /f ce that ranged narrowly from 1.16 to 1.21, with an average of 1.19.
[36] In none of hundreds of examples of f ce + echoes observed thus far has the constant delay or hockey stick part of the echo crossed f ce . Even in the apparently unusual case of Figure 9a there was a ''gap'' of %1 kHz between f ce and the echo. We therefore speculate that all discrete echoes above f ce are subject to increasing group delay near f ce , however small the gap may be. This could be true of the ISIS data (referenced above) as well, given the %50-kHz width of the f ce spike on ionograms.
The f ce + Resonance
[37] As noted, the f ce + resonance appears to be a new phenomenon, not reported from the topside sounder observations near and below %4000 km. It differs from the discrete f ce + echo in that it can extend from the minimum to the maximum observable range of the plasmagram. We observed this resonance in the plasmasphere from %7000 km altitude to %20,000 km altitude as f ce varied from %100 kHz to %10 kHz. In the special 14-22 August 2004 period, f ce + resonances were identifiable on 21 of the 114 plasmasphere soundings for which local f ce was in the frequency range being probed. In the months of May, June, and July 2004, an f ce + resonance was detected at least once on 100 of 169 orbits.
[38] The resonances tended to appear within or close to the frequency range in which f ce + echoes were found, as suggested by Figures 3, 6c , and 6e. Figure 10 is a plot versus log f ce of f res /f ce , the ratio of the f ce + resonance frequency to f ce for observations in a 4-month period May-August 2004. The points cluster between 1.05 and 1.20, at ratios similar to the values between 1.1 and %1.25 shown in Figure 7 for f ce + echoes recorded in the 14-22 August 2004 period. The falloff in data points at f ce = 20 kHz is attributed to the 20-kHz low-frequency limit of the bulk of the plasmagrams studied. The steep falloff at %100 kHz is believed to represent a real reduction in occurrence below %7000 km and is consistent with a lack of reports of f ce + resonances from topside sounders operating below 4000 km altitude.
[39] We find the f ce + echoes and f ce + resonances to be independent phenomena. They both tracked with the local value of f ce and appeared in a similar frequency range above f ce , but were otherwise quite different. In particular, the f ce + resonance appeared at strength between multiples of nt p (e.g., Figure 3 ) and were often well defined at t < t p (e.g., Figure 6c ).
[40] Although f ce + echoes on occasion appeared to be spurlike attachments along f ce + resonance spikes, as we found to be the case for some Z echoes on f pe resonances (as shown below), in some examples they were observed to cross over the f ce + resonance, implying a frequency offset f o closer to f ce than the resonance frequency.
[41] When observed, f ce + resonances tended to differ in appearance from sounding to sounding along a given orbit and from orbit to orbit, for example being weakly defined at 18.5 kHz in Figure 6a , well defined at %27.5 kHz in Figure 6c , undetectable in Figure 6d , and clearly present but weakly defined at %47.5 kHz in Figure 6e .
[42] Figures 11a -11d , from an orbit on 7 May 2004 illustrate the appearance of f ce + resonances in the frequency interval 20 -70 kHz during soundings that extended from 20 to 320 kHz. These soundings, although limited to 1200-Hz frequency steps instead of the 300-Hz resolution provided in Figures 3 and 6, were widely conducted in 2004 outside the special 8-day August interval. In the sequence of Figure 11 , the f ce + resonance frequency stayed 10-20% above the f ce spike as altitude decreased from %16,000 km (Figure 11a ) to %11,000 km (Figure 11d ). Several changes occurred: the resonance amplitude diminished from Figures 11a to 11b before recovering in the plasmagrams in Figures 11c  and 11d . Bandwidth increased during the sequence; the last two resonances spanned several kHz. Both a wide resonance bandwidth, regularly exceeding 1 kHz, and long persistence, extending to >320 ms, were indicated in a survey of plasmagrams from 2002 for which frequency was stepped logarithmically at 2% intervals beginning at 50 kHz and for which the maximum detectable time delay was 320 ms.
[43] Spikes that we call 2f ce + resonances were sometimes seen slightly above 2f ce . They were fewer in number, appearing on six of the 114 soundings in the special August period. 2f ce + resonances were observed both in conjunction with, and in the absence of, a strong f ce + resonance. An occurrence of both an f ce + resonance and a 2f ce + resonance is illustrated in Figure 12 . The f ce and 2f ce spikes are well defined at 13.2 kHz and 26.4 kHz, respectively, with accompanying resonances at 14.4 kHz and 28.5 kHz. Both resonances were weakly defined until %20 ms following the leading edge of the sounder pulse. In Figure 12 , note the similarity between the long-range (t % 150 ms) f ce + echo just to the right of the f ce + resonance spike and the f ce + echo in Figure 6a . On occasion they were relatively weak during the first %20 ms after the transmitter pulse, as illustrated by the 2f ce + resonance in Figure 12 , and at times were skewed in the first %20 ms toward frequencies %1 kHz higher, as illustrated in Figure 12 by the f ce + resonance. A much shorter (%1 ms) ''float'' above the base line was reported by Hagg and Muldrew [1970] in connection with a resonance on Alouette 2 at f uh /2. The so-called Q n resonances, which occur at frequencies above f uh , have also been observed to float above the base line [Muldrew, 1972] .
[45] Although the f ce + resonance was found to track with the local value of f ce , in most cases we observed no obvious connection to the local value of t p . However, Figures 11b  and 11c show fragmentation of the resonance at short delay times. Some of these low-range drop-outs appear to extend just past the local value of t p , as illustrated in Figure 13 . Furthermore, an example was found in which the f ce + resonance weakened periodically at the delays of a sequence of WM echoes, as illustrated in Figure 14 by a 3-D amplitude plot (and by a plasmagram in the WM section below). In this case, as the WM echo amplitude decreased at higher multiples of t p , the correlated perturbations of the resonance became less pronounced.
Factors Affecting f ce + Echo and Resonance Occurrence
[46] How are the observed properties of f ce + echoes and resonances related to (1) local plasma density, (2) the angle b between the long RPI transmitting antenna and B o , (3) the angle f between the IMAGE velocity vector V S and B o ? In past work with topside ionosphere records, both of these angles were found to have importance. For example, King and Preece [1967] found that proton cyclotron-harmonic spurs on electron resonance spikes occurred most frequently when the satellite antenna was parallel to Earth's magnetic field B o . In addition, Oya [1978] found that PC echo occurrences in the Alouette 2 data were concentrated in near-equatorial regions where the satellite velocity vector was close to the direction of B o .
[47] Muldrew [1998 Muldrew [ , 2000 found it useful to interpret f ce + Àtype echoes detected on ISIS I in terms of the angle between V S and the plane containing B o and the antenna vector L o at the time of transmission. In the case of RPI, the situation is simplified by the fact that the IMAGE orbit is polar and the spacecraft undergoes a cartwheel motion such that the Z or spin axis (direction of the short antenna) is oriented approximately perpendicular to B o . Thus the long transmitting and receiving antenna tends to remain in a plane defined by the antenna direction at the time of a given rf pulse and local B o . Following a pulse, excited protons tend to bunch at intervals of t p along a ribbon-like L o , B o ''surface'' defined by the projection of the transmitting antenna L o along B o at the time of the pulse. The ''width'' of this surface (%? to B o in the meridional direction) is a maximum when the X antenna is ? to B o . For satellite motion at small angles to B o , portions of the antenna tend to remain within, or closely alongside and projected upon, the L o , B o surface, irrespective of variations in the angle b between the X antenna and B o . For satellite motion at large angles to B o , the antenna, while remaining in a plane containing the L o , B o surface, may no longer have a significant projection on that surface after one or more cyclotron periods, thus becoming separated from the surface by distances of up to several hundred meters.
[ sounder activity reported by Oya [1978] . In fact, in various 2005 data periods we found well-defined examples of both f ce + resonances and f ce + echoes when the angle f was close to 90°.
WM Echoes
[49] At altitudes below %12,000 km, discrete PC echoes in the whistler-mode domain at f < f ce /2 (often at f ( f ce /2) were detected on essentially every orbit surveyed. In some cases, the echoes appeared on plasmagrams showing other PC echo activity, as illustrated in Figures 3 and 4 . WM echoes were seen down to the lowest altitudes reached in the plasmasphere, %1500 km.
[50] Since WM echoes are a very low frequency (VLF) phenomenon, they were most readily detected by sounding programs that extended well below 50 kHz, such as the 6 -63 kHz program illustrated in Figure 3 and also an earlier program that swept in steps of 300 Hz from 7 kHz to 19.9 kHz. [51] Most of the WM echoes observed thus far were found within the plasmasphere or the PBL at magnetic latitudes between À60°and 60°. They were evident on occasion at higher latitudes and over the polar regions but tended to be obscured there by strong natural whistler-mode noise with power spectral density 10 dB or more above the noise levels in the plasmasphere. Our samplings showed strong WM echo activity at several widely spaced magnetic local times, suggesting that such echoes may occur in all local time sectors. [52] At each frequency during a given sounding, WM echoes tended to repeat at time delays that were multiples of t p . Figures 16a to 16c display such effects on plasmagrams recorded on three different orbits at altitudes %10,700 km, %7700 km, and %4200 km, respectively. As altitude decreased, the interecho time delay decreased accordingly. Note that the event in Figure 16a was shown from a 3-D perspective in Figure 14a . In the case of Figure 16c , discrete echoes up to 18th order were detected.
[53] In the stronger magnetic fields below %3000 km altitude, the time interval at each frequency between successive high-order echoes fell below 6.4 ms, the minimum interval allowing separation of echoes by one 3.2-ms time delay pixel, and individual echoes could no longer be resolved. In such cases, the echoes formed a ''continuous'' response extending to multiple values of t p , as in the example of Figure 17 . In this case, IMAGE was in the plasmasphere boundary layer at L % 4.9 at an altitude of 1750 km and at %58°magnetic latitude, prior to being blanketed at the frequencies of interest by auroral whistlermode noise. This sounding may be compared with that of Figure 16c , which occurred %13 min earlier on the same orbit (note the different time delay scales). In Figure 17 the time-compressed PC echo activity was accompanied at longer delays by discrete whistler-mode echoes that are interpreted as having returned to IMAGE after reflection from the lower boundary of the underlying ionosphere [Sonwalkar et al., 2004] .
[54] In Figure 18 we plot the delay time t min of the initial or lowest-delay WM echo versus the local proton cyclotron frequency f cp . As in Figure 8 , the solid curve represents the simple inverse relationship between the proton cyclotron period t p and f cp . It is clear that the observed WM echo delays were controlled by proton dynamics in the vicinity of the satellite.
[55] With each successive higher-order echo in a WM event, the frequency range of detectability over the noise background tended to narrow, as indicated in Figures 16a,  16b , and 16c, often converging to a value between 8 and 12 kHz. Figure 19 is a histogram of the number of echoes Since the local proton gyroperiod t p was substantially less than the 6.4-ms separation between alternate RPI sampling intervals, the successive higherorder returns were merged on the record. The discrete whistler-mode echoes with delays near 55 ms are interpreted as having reflected from the bottom side of the ionosphere below IMAGE. This sounding followed the one of Figure 16c by %13 min.
for each frequency between 6 and 20 kHz for the abovementioned periods in November 2001 and August 2004, taking account of echoes of all order. An echo was determined to be present if its amplitude exceeded that of the noise by 10 dB. It is not known why there are two peaks fairly close in frequency instead of a single peak. The overall falloff in echo activity with frequency above %10 kHz is discussed further below.
[56] The number of higher-order WM echoes near 10 kHz was found to reach a maximum as the angle f between V s and B o passed through a minimum value, typically increasing from 2 or 3 at an angle of %40°to 10 or more as the angle reached a minimum value of %10°. At a fixed frequency near 10 kHz, we did not observe a clear orbitto-orbit correlation between WM echo order and antenna angle b with respect to B o . However, the effect of b was not easily quantified because it typically varied over %50°as the transmitter stepped from 6 to 20 kHz.
Amplitude Profile of a WM Echo
[57] From study of the amplitude versus time profile of a series of WM echoes at a given frequency near 10 kHz, we can estimate that the profile of the first echo contains a single narrow peak centered approximately at t = t p . This peak is identified from sounding records on which a sequence of discrete echoes at a given frequency near 10 kHz is nearly ''synchronous'' in time with the RPI receiver data samples at that frequency. That is, t i(echo) % 3.2n ms and signal levels in time bins next to the principal echo elements are either at background levels or from 15 to 20 dB below the levels in the principal echo bins. A simple backward extrapolation of such an echo series in time would lead to a 3.2-ms interval centered at t = 0. However, since the initial 3.2-ms rf pulse only begins at t = 0, the echo series is considered to be dominated by a transient response at the pulse leading edge.
[58] The apparent temporal broadening of WM echoes near 10 kHz on some records, such as in Figure 16c , is not fully understood. A possible cause is the narrow but finite width of the initial pulse at t p (see below), leading to time delay broadening of the echo peaks with increasing echo Figure 18 . Plot of the delay time t min of the initial or lowest-delay WM echo versus the local proton cyclotron frequency f cp . As in Figure 8 , the solid curve represents the simple inverse relationship between the proton gyroperiod t p and f cp . order. Some broadening effects may be due to saturation of the receiver by the lower-order echoes.
Estimated Size of the Region of WM Echo Detection
[59] From knowledge of the satellite velocity, the angle f, and the duration of WM echo activity at a fixed frequency near 10 kHz, we can estimate the typical distance D that the spacecraft moved transverse to B o while a succession of WM echoes were observed. On a given orbit in October 2005 there were typically five successive soundings with identifiable echoes. As noted above, the number of highorder echoes varied inversely with the angle f, so that D typically remained in the range 100 -300 m during the sequence of soundings. From the 10 orbits in October 2005 with the maximum number of 10-kHz echoes, we found that the average time delay to the highest-order echo detectable was 120 ms, the average spacecraft velocity was 7.6 km/s, and the average angle f was 11°, giving a value of D % 170 m.
Z Echoes
[60] The PC Z echo, like the WM echo and the lowest time delay part of the f ce + echo, occurs at a delay equal to the proton gyroperiod (within the uncertainty imposed by the 3.2-ms length of the sounder pulse). Such echoes could be observed whenever the upper limit of the band of no electromagnetic propagation in Figure 1 was being covered by the sounding program in use. The activity of Figure 4 occurred as IMAGE was beginning to move outward into the PBL and into the low-altitude polar region. Typically, the detected low-frequency limit of the Z echo was in that part of the no electromagnetic propagation domain extending %20 -30 kHz below f Z , which in this case was %304 kHz. As noted in Figure 4 , the Z echo was particularly strong above f Z , where it appeared against a Z-mode noise background that was %20 dB above the background below f Z .
[61] Figures 20a through 20c show examples of Z echoes recorded on an orbit on 14 August 2005 as IMAGE was moving outward through the plasmasphere at altitudes ranging from %7600 km to %11,800 km. Time delay from 0 to 128 ms is displayed versus sounding frequency from 200 to 326 kHz. The delays of the Z echoes increased with altitude, as expected. In these cases the echoes displayed some time delay spreading, not unlike that reported for spurs on topside sounder resonances, for example by Benson [1975] and Horita [1987] . In particular, the event of Figure 20c , recorded at L % 2.8, shows spur-like spreading toward a resonance at f pe % 257 kHz. This resonance was approximately coincident with the seventh harmonic of f ce at 255 kHz, a result consistent with Benson's [1975] finding from Alouette 2 data that some of the bestdefined PC spurs appeared when f pe was an approximate multiple of f ce .
[62] Thanks to a reduction from 12.4 ms to 6.4 ms in the minimum time delay displayed on RPI plasmagrams from 2005, it was found that PC Z echoes at a given range of frequencies were regularly accompanied at shorter delays (beginning at the minimum detectable time delay of 6.4 ms) by intense Z-mode echoes, often at levels that saturated the receiver. This could occur at frequencies below f Z , as in Figure 20a , but was most commonly present above f Z , as in It is interpreted as the result of scattering from fieldaligned density irregularities in the near vicinity of IMAGE, a phenomenon of RPI data recently investigated by Sonwalkar et al. [2004] .
Discussion
[63] Our observations suggest that each of the three classes of PC echoes, WM, f ce + and Z, as well as the f ce + resonance, depends upon a particular set of causative factors, one or more of which are unique to that type of echo. For example, in addition to being dependent upon the proton cyclotron frequency f cp , each echo form was closely associated with one or two other plasma parameters. In the case of the f ce + echoes the other parameter was the electron cyclotron frequency f ce , while in the WM case (as discussed below) it was the proton plasma frequency f pp and in the Zecho case, the Z-mode cutoff f Z and the electron plasma frequency f pe . In contrast, the f ce + resonance, while closely associated with f ce and 2f ce , was at most weakly dependent upon f cp , as indicated by occasional evidence of decreased amplitude at t p or multiples thereof. In the following section we discuss PC echo mechanisms, dealing in some detail with the WM echo only.
PC Mechanisms: WM Echoes 3.1.1. An Electrostatic Mechanism
[64] The observations suggest that WM echoes consist of a series of electrostatic noise bursts due to a periodic spatial bunching of ambient protons that have been energized at the leading edge of each 3.2-ms rf antenna pulse. The noise bursts are not replicas of the initiating pulses, but their intensity is dependent upon the ratio of the pulse rf frequency to the local proton plasma frequency f pp .
[65] The proton energization occurs during a transient phase when a positive potential is first applied to one of the IMAGE dipole antenna elements and an electron sheath begins to form about that positive antenna element. The ambient electrons respond quickly to the impressed electric field produced by the positive potential and flow toward the positive antenna element. The ambient protons, on the other hand, because of their much larger mass, take a much longer time to leave the region of positive potential. Thus the time necessary to form a complete electron sheath around the positive element depends upon the initial energization of the ambient protons. The transient acceleration period ends when the ambient protons initially surrounding the antenna have been accelerated radially outward sufficiently so that the electric field due to the electron space charge now surrounding the positive element cancels the electric field due to the positive potential applied to the antenna element. The ambient protons initially closest to the positive antenna element will be accelerated more than those initially located farther from this element, with the protons initially closest to the antenna gaining energies up to 300 eV and those initially farther away gaining as little as $ 1 eV. Thus as the radial acceleration proceeds, the energized protons undergo spatial bunching [Calder and LaFramboise, 1990] .
[66] When the bunched protons leave the edge of the sheath region, they follow orbits dictated by the effects of their own self-electric field as well as the Earth's magnetic field. We assume that the energized proton's self-field will be neutralized by thermal electrons flowing along B o . In this case the protons move along cyclotron orbits primarily under the influence of B o , as illustrated in Figure 21 . Because the energized protons have a wide range of energies from 1 to 300 eV, the cyclotron radius of the protons will also have a wide range. For example, at L ' 2 near the magnetic equatorial plane, the gyroradius of the protons ranges from $50 to 800 m. Thus after one half cyclotron period, the protons are well removed from the antenna and their number density and self-field are greatly reduced.
[67] Now consider the special case in which the antenna is parallel to B o when the positive potential is applied to the antenna element. After one complete cyclotron period, the energized protons return to the magnetic field line on which they were located when they first left the sheath region (for example, the magnetic field line through point P in Figure 21 ). Owing to their original thermal velocity along B o , the returning protons will be spread over a distance ds along B o of approximately: d s = l + 2 v mp t p , where l is the Figure 21 . Schematic illustration of the WM echo mechanism. At the onset of an rf pulse, an electron sheath with a radius of %1 m forms around the positive-voltage antenna element. By virtue of their different original locations, protons within the sheath are energized by different amounts. Two are shown leaving the sheath at point P along the circumference of the sheath and then following circular trajectories that extend as much as several hundred meters into the neutral plasma outside the sheath. After one gyroperiod, the protons return to locations near the antenna where they take collective part in inducing a relatively large voltage on the antenna. antenna element length, v mp is the most probable velocity of the protons along B o , and t p is the proton cyclotron period.
[68] For an initial proton temperature of 1 eV, v mp ' 4 km/s, and if t p ' 20 ms, d s ' l + 160 m. Since l = 250 m, the spread of the protons along B o during the first cyclotron period is relatively small, and the self field of the protons will not differ significantly from the self field that existed at the end of the original transient period when the protons were bunched near the sheath boundary. Because of the thermal spread along B o , the average number density of the protons will decrease with time as (l + 2 v mp mt p ) À1 . After each succeeding cyclotron period, the energized protons bunch once again on their initial magnetic field line but are spread more and more widely along B o . Thus after m cyclotron periods, the energized protons form a thin shell of charge symmetrically distributed about the magnetic field line on which the positive antenna element was initially located. The self-field due to the energized protons according to our model is given in (A8) and (A9) of Appendix A2.
[69] Thermal electrons cannot follow the energized protons across B o because of the small cyclotron radius of these electrons. Consequently, they can neutralize the self-electric field of the protons only by moving along B o . An upper bound on the time necessary to neutralize the proton selffield is roughly equal to the antenna length l divided by the electron thermal velocity v th along B o . For our parameters, assuming an electron temperature of 1 eV, l/v th $ 0.4 ms. Thus the self-field E s (r, t) of the energized protons has a temporal behavior resembling a delta function.
[70] The magnitude of E s (r, t) can be quite large. For example, (A9) indicates that the magnitude of the proton self-field at the first cyclotron period t p exceeds 20 mV/m in a 500-m region surrounding the original location of the positive antenna element. Electric fields of this magnitude can easily produce antenna voltages sufficiently large to saturate the RPI receiver. As noted above, WM echoes up to high order were observed within a region extending %300 m transverse to B o and %800 m along it and were thus within this high E field region for many cyclotron periods.
[71] We found no evidence of a measurable increase in delay between successive WM echoes as echo order increased. Such an increase might be expected if whistlermode propagation from an increasingly distant source were an important factor. The lack of an interecho delay increase is consistent with the proposed electrostatic nature of the echo pulses and with our observation of WM echoes within a volume whose dimensions are small in relation to the local whistler-mode wavelength near 10 kHz.
[72] The key feature of our mechanism is the fact that the energized protons are tightly bunched in space after every cyclotron period. This tight bunching of the protons can only occur during the transient period when the electron sheath is formimg. At that point, the ambient thermal protons possess an average energy which is very small compared to the energy that they acquire during the sheath formation period and thus sheath-accelerated protons can thus be tightly bunched as they move outward. The situation is quite different during the rest of the 3.2-ms transmission period, because ambient protons never again appear close to the antenna during this period.
[73] This can be seen quite simply. Consider a negative half cycle. When one antenna element has reached its minimum negative voltage V(t) ' À300V, the ambient proton population is located beyond the sheath boundary at r = r s , where for our parameters r s ' 1 m. Within the sheath are energetic protons which have been accelerated in the negative potential field produced by the negative antenna voltage. As the voltage increases, the sheath radius decreases and the ambient proton population moves inward. However the inward radial velocity of the average ambient proton is v mp , which for 1 eV protons is '4 km/s. In this case the time necessary for an ambient thermal proton to cross the 1-m sheath radius is '0.3 ms. On the other hand, the voltage decreases from À300 V to zero in a quarter period, which for frequencies of 6 kHz and above is less than 0.04 ms. Thus the bulk of the ambient thermal protons cannot reach the antenna during this quarter cycle and thus cannot be present near the antenna as the next positive half cycle takes place. Consequently, after the first positive voltage cycle, all subsequent positive voltage cycles for a given antenna element occur under conditions in which the protons surrounding the element are only those that have been accelerated toward the element during the previous negative voltage cycle. These protons have a wide range of energies and directions, and thus are not significantly bunched as they leave the sheath region during the positive half cycle. Because they are not strongly bunched, the protons leave the sheath at slightly different times. Because of this initial time differential, the protons return to their original magnetic field line at different times, and the self electric field produced by the protons no longer resembles a delta function.
[74] It is clear that the transient energization of the ambient protons initially near the antenna must be a function of the frequency f of the applied antenna voltage. As discussed above, the average ambient proton takes '0.3 ms to travel 1 m from the antenna out to the location of the sheath boundary that applies when V(t) ' 300 V. This implies that at least a half cycle of the applied voltage must take place in a time significantly less than 0.3 ms, if significant energization of the ambient protons is to take place. A half cycle of 0.3 ms corresponds to an applied frequency of '2 kHz. Thus the condition for significant proton energization can be stated: f 2 ) (2 kHz) 2 .
[75] At higher frequencies, the antenna voltage will change from positive to negative before the protons can leave the sheath region, and thus their energization and bunching will also be limited. In view of these considerations, we expect proton energization to initially increase with applied frequency and then to decrease at higher frequencies. IMAGE data suggest that the frequency which forms the boundary between the two regimes is approximately the proton plasma frequency f pp .
[76] The mechanism we propose can explain the occurrence of peaks in the WM echoes at multiples of the local value of t p following the leading edge of the rf pulse. Since at the altitudes of WM echo observations the value of f pp varies between %6 and 13 kHz, it can also explain the high amplitude of WM echoes near and below 10 kHz, frequently saturating the receiver, as well as the drop-off in high-order echo activity between 10 kHz and %50 kHz, summarized in Figure 19 and illustrated in Figures 16b, 16c , and 17. It is also consistent with the lack of WM activity above %11,000 km altitude, where the value of f pp falls below the 6-kHz lower operating limit of RPI.
[77] In our analysis above concerning the self field of the spatially bunched protons we have considered only the special case in which the RPI antenna is parallel to B o . The situation is much more complicated in the general case when the antenna is not parallel to B o during transmissions. In this situation, the majority of the most highly energized protons rapidly leave the vicinity of the antenna, and only the lower-energy protons are left to create a significant self field. The self field that is created is not symmetric about B o . Because of these complications, analysis of the case of arbitrary antenna orientation is beyond the scope of the present paper. Thus we do not know if our mechanism will survive this test.
PC Mechanisms: f ce + Echoes
[78] Unlike WM echoes, f ce + echoes exhibit a clear dependence on the rf pulse frequency, appearing consistently in a range f > f ce and exhibiting time versus frequency curvature near f ce . This suggests that they propagate from a perturbed proton distribution in thermal wave modes, possibly in the manner discussed by Muldrew [1998 Muldrew [ , 2000 when interpreting topside sounder observations of echoes above f ce . The f ce + echoes occur at high ratios of f/f pp , implying that they do not originate in the energization processes that give rise to the high-amplitude WM echoes. It is possible that f ce + echoes reach detectable levels because the energization process involved occurs in an electromagnetic nonpropagating frequency domain, where the background noise levels are 20 to 30 dB below those present at the frequencies of WM events.
[79] The reduction from 2004 to 2005 in f ce + echo occurrence, associated with substantial increases in the V S , B o angle f and hence in the separation of the receiving antenna from the distribution of excited protons, is probably understandable in terms of increased spreading losses of the excited thermal modes. We have not yet been able to find evidence of a corresponding increase in echo delay.
[80] One source of free energy that may be available to drive the f ce + echoes resides in the electric field in the plasma sheath which surrounds each antenna element after each 3.2-ms transmitter pulse. During each pulse, the antenna acquires a net negative charge from the plasma because the mobility of the electrons accelerated toward the positive voltage antenna element during each half rf cycle is much greater than the mobility of the ions accelerated toward the negative voltage antenna element.
[81] The net negative charge acquired by the antenna during each 3.2-ms transmitter pulse is approximately twice the negative charge that initially appeared on the negative antenna element at the start of the pulse [e.g., Oya, 1978] . Consequently, when the transmissions cease, each antenna element carries a net negative charge. This negative charge produces an electric field that repels electrons and attracts ions, creating an ion sheath around each antenna element. The negative charge on the antenna elements will eventually be neutralized by the ion flux accelerated toward the antenna, but since the ion mobility is relatively small, this neutralization requires a time that is generally much larger than the 3.2-ms transmission time (see Appendix A1). During the time the ion sheath exists, the sheath electric field represents a free energy source which may be partially responsible for driving the weaker PC phenomena. (Here we simply note the existence of a free energy source associated with transmitter pulses and are not proposing a specific means by which that source may act as a driver of f ce + pulses.)
3.3. PC Mechanisms: f ce + Resonances
[82] The mechanism of f ce + resonances appears to operate independently of the f ce + echo mechanism, although both phenomena occur within a similar range of frequencies above f ce . A key difference may be that the resonances have not been reported below %7000 km altitude, while f ce + echoes can be present at ionospheric heights. The long enduring nature of the resonances, lasting at times for at least 300 ms, suggests that the perturbed plasma environment in which they occurred was carried with the spacecraft well beyond the %300-m transverse distance within which, for example, the WM echoes were found to be confined. In seeking an as yet unspecified mechanism of the f ce + resonances, one must consider the occasional 20 to 30 ms delay in their rise to peak amplitude as well as cases in which the frequency is initially skewed to higher values before settling.
[83] An insight into the f ce + resonance mechanism may be found in a discussion of the delay in onset of the ionospheric Q n resonances by Muldrew [1972] . He suggested that the delay is due to the high wave number of the stimulated waves, which cannot penetrate the antenna sheath created during the pulse until the sheath has collapsed to a point at which its dimensions are comparable to the wave length of the stimulated waves. We discuss the collapse of the RPI ion sheath, a possible source of energy for the f ce + resonances, in Appendix A1.
PC Mechanisms: Z Echoes
[84] In interpreting Z echoes we need to consider: (1) evidence of temporal broadening and spur-like form at or near the f pe resonance, (2) appearance both above and below f Z , and (3) evidence that Z echoes are accompanied at shorter delays by the launching of strong Z-mode waves by RPI, some of which are scattered and return at high amplitude to the antenna.
Concluding Remarks
[85] We find that when the RPI operated between %1500 km and 20,000 km altitude in the plasmasphere, information about its 3.2-ms-long rf pulses appeared to be stored in the surrounding proton plasma and returned in a variety of echo forms to the spacecraft. Some of the echo forms are similar to signatures reported earlier from ISIS series sounding at altitudes below %3000 km. As in the ISIS series work, we observed discrete echoes in a frequency domain of no electromagnetic propagation above the electron cyclotron frequency f ce . The echoes arrived at delays equal to the proton gyroperiod t p (and on occasion at multiples of t p ), although their delays could be substantially longer than t p within a narrow band just above f ce . Welldefined f ce + echoes often exhibited a frequency of asymptotically long time delay that was offset from f ce . There were indications that the offset increased with increasing separa-tion of the receiving antenna from the distribution of excited protons that generated the f ce + echo forms. Also, as in the ISIS work, we observed spurs, variously shaped broadenings at multiples of t p along resonance spikes such as the plasma frequency f pe .
[86] The RPI data exhibited a new effect at a frequency %15% above f ce , the f ce + resonance. A similar resonance occasionally appeared just above 2f ce . The f ce + resonances were detected in the altitude range %7000 km to %20,000 km but not below 7000 km, which is consistent with their absence on topside sounder records. In some months f ce + resonances were found at least once on over half the IMAGE orbits through the plasmasphere. They were not tapered on records of time delay versus frequency, as were the usual nf ce spikes, but regularly remained at or near full amplitude until the record time limit, which in some cases reached %300 ms. The f ce + resonance was often poorly defined during an initial delay of order 20 ms, an effect similar to one found in certain resonances observed at ionospheric heights. Unlike the WM, f ce + , and Z echoes, the f ce + resonance did not exhibit a close connection to the proton cyclotron period. However, occasional evidence was found of decreases in resonance amplitude at multiples of t p .
[87] The most intense and most frequently observed PC events, called WM echoes, appeared in the whistler-mode domain between %6 and 50 kHz, with a peak in occurrence and intensity near 10 kHz, such that f WM was < f ce /2 (often ( f ce /2). WM echoes were detected at altitudes below %12,000 km on essentially every IMAGE orbit. They were usually followed by additional discrete echoes, sometimes as many as 15 or more, at multiples of t p . At altitudes below %3000 km the individual WM echoes could no longer be resolved because t p fell below 6.4 ms, the minimum interval separating resolvable echoes. The echoes then appeared on plasmagrams as a continuous return, often extending to %10 t p at the most active frequencies near 10 kHz. (A rare case of a discrete PC echo at f ce /2 < f < f ce was reported here. Such echoes have been found in ISIS series sounder data [e.g., Horita, 1987; Muldrew, 1998 ]. Other than appearing in the whistler-mode domain, they do not appear to have characteristics in common with WM echoes.)
[88] Time delay measurements of WM echoes near 10 kHz indicated that the energization of the protons by a given 3.2-ms sounder pulse was essentially a transient process that occurred at the beginning of the pulse and to that extent did not involve replication of the pulse rf frequency by the echo. We concluded that the WM echo mechanism was electrostatic in nature, with spatial bunching of protons during the first positive rf half cycle on one of the antenna elements, such that a high voltage was induced in the RPI antenna at multiples of t p after t = 0. Most WM echoes were observed when IMAGE moved at low angles to B o and was within a distance of %300 m transverse to the field line of original excitation of the plasma. The echoes showed no measurable whistler-mode propagation delay from a source, which is consistent with the inferred electrostatic nature of the echoes and the closeness of the antenna to the source field lines.
[89] The high intensity of the lower-order WM echoes, which regularly saturated the RPI receiver near 10 kHz, as well as the lack of detectable WM echo activity above 12,000 km altitude, are attributed in part to the fact that proton energization at the leading edge of the sounder pulse was at maximum levels when the rf of the pulse was below, but near, the local proton plasma frequency f pp = f pe /43. The f pp reaches a maximum of %13 kHz at the lower IMAGE altitudes, but falls below 6 kHz (the lowest sounder operating frequency) above 12,000 km.
[90] Since the f ce + echoes occurred at frequencies well above f pp , they were well outside the range where significant transient energization was expected. In contrast to WM echoes, f ce + echoes appeared to replicate the sounder pulse frequency and in so doing experienced large frequencydependent increases in travel time as f ce was approached from above. This dispersion as well as a year-to-year decrease in f ce + echo activity with increasing separation of the antenna from the ''excited'' field lines, is consistent with Muldrew's explanation of f ce + echoes observed in the ISIS series in terms of thermal-mode propagation from a perturbed proton distribution. A possible source of energy for the comparatively weak f ce + echoes is the electric field that exists in the ion sheath that surrounds each antenna element in the immediate aftermath of an rf pulse, as discussed in Appendix A1. Here we simply note the existence of a free energy source associated with transmitter pulses and are not proposing a specific means by which that source may act as a driver of f ce + pulses.
[91] The mechanism of f ce + resonances appears to operate independently of the f ce + echo mechanism, although both phenomena occurred within a similar range of frequencies above f ce . The long enduring nature of the resonances, lasting at times for at least 300 ms, suggests that the perturbed plasma environment in which the ringing occurred was carried with the spacecraft a kilometer or more beyond the %300 m transverse distance within which the WM echoes were found. The collapse of the ion sheath following an rf pulse may provide energy for the ringing process. This collapse may on occasion delay the onset of the detected resonance, in the manner proposed by Muldrew [1972] , who argued that in the case of certain ionospheric resonances, the antenna sheath may temporarily exclude very short wavelength stimulated waves.
[92] The Z echoes appear to benefit from, or be coincident with, efficient excitation of normal Z-mode waves by the sounder in a range between f Z and the electron plasma frequency. Strong Z echoes above f Z are often accompanied at shorter time delays (beginning at the lowest measurable delay of 6.4 ms) by high amplitude Z-mode waves that have been scattered from nearby field-aligned density irregularities.
[93] Earlier workers shed light on what we believe to be important elements in the PC echo process, among them the accumulation of negative charge on an antenna during an rf pulse [Oya, 1978] , Bernstein-mode propagation at frequencies above f ce from an excited proton population [Muldrew, 1998] , and the observation that PC spur effects on the electron plasma frequency resonance are enhanced when f pe is an approximate multiple of f ce [Benson, 1975] .
[94] There is much more to learn about proton cyclotron echoes and the high-altitude f ce + resonance, both from existing data and future experiments. A variety of mecha-nism appear to be at work, only a few of which have been considered here.
where h = v mp /w pp and w pp is the proton angular plasma frequency. Equation (A4) assumes that there are no electrons within the sheath. However, in practice there will be just enough to cause the minimum sheath radius to be r s ' l d , where l d is the Debye length. Thus the lower limit of the integral in (A7) should more accurately be r s = l d rather than r s = a. However, for our plasma parameters, the use of either value for the lower limit in (A7) gives approximately the same result.
[97] In general, t d is of the order of 100 ms. For example, at L ' 2 near the magnetic equatorial plane, assuming r s = 1.2 m, N p ' 3000/cm 3 , jV a j ' 300 V, and a proton temperature of 1 eV, we find that t d ' 90 ms. The discharge time will be shorter in general if the protons which impact the antenna eject secondary electrons.
A2. Self-Field of Energized Protons
[98] In the very simple case in which the positive antenna element is originally parallel to B o , the energized protons after one proton gyroperiod will return to the magnetic field line on which they were located when they first left the sheath. They will form a thin cylindrical shell centered at the distance r so about the magnetic field line on which the antenna element was initially located, where r so is the sheath radius at the time the energized protons first exited the sheath. To calculate the self-field of the protons in the space exterior to the cylinder on which they are located at time t = t p , we assume for simplicity that the protons are located at the axis of this cylinder and that their number density along this axis is constant. In this case, a rough approximation of the electric potential due to the protons has the form: 
where s = l + 2v mp t p , N p 0 = lN p /s, l is the antenna half-length, and v mp ' 4 km/s is the most probable velocity of the ambient protons along the direction of the antenna, and where it is assumed that the z axis is parallel to B o .
[99] With the aid of (A8), the electric field due to the energized protons can be calculated everywhere in space exterior to the cylinder of radius r so . For the purpose of discussion it is sufficient to consider E z (r, z) the component of the electric field parallel to B o , since this is the compo-
